A 1.4 Kb fragment of Bacillus licheniformis ATCC 14580 encoding β-glucosidase was cloned and expressed in Escherichia coli. β-Glucosidase expressed by E. coli harboring cloned gene was located entirely in the intracellular fraction. Recombinant β-glucosidase protein was purified to homogeneity level and the molecular weight was found to be 53 kDa using sodium dodecyl sulfate polyacrylamide gel electrophoresis analysis. It gave maximum activity at 50 • C and pH 6. Km and Vmax were 0.206 mM and 1.26 U/mg, respectively, with p-nitrophenyl-β-D-glucopyranoside, while activation energy Ea, enthalpy of activation ∆H and entropy of activation ∆S were found to be 66.31 kJ/mol, 64.04 kJ/mol and 48.28 J/mol/K, respectively. The pKa1 and pKa2 of the ionizable groups of active site residues involved in Vmax were found to be 5.5 and 7.0, respectively. When the recombinant β-glucosidase protein was used as a member of consortium with endoglucanase and exoglucanase for the saccharification of wheat straw, 123% increase in saccharification was observed.
Introduction β-Glucosidase (EC 3.2.1.21) catalyses the cleavage of β-linked glucose residues from alkyl and aryl glucosides, diglucosides and oligoglucosides (Pitson et al. 1999; Jager et al. 2001) . β-Glucosidases occur widely in animals, fungi, bacteria and plants (Knight & Dick 2004; Chang et al. 2007 ). The physiological roles associated with β-glucosidase are diverse and depend on the location of the enzyme and the biological system in which these occur (Wallecha & Mishra 2003) .
β-Glucosidases have been exploited in a variety of biotechnological applications. They are used for: (i) increasing the rate and extent of saccharification of cellulosic material by hydrolyzing the cellobiose, which is inhibitor of cellulases; (ii) flavor enhancement in fruit juices and derived beverages through the liberation of flavor compounds from glucosidic precursors; (iii) debittering of citrus juices; (iv) deinking of printing ink from waste paper; and (v) detoxification of cassava through the hydrolysis of cyanogenic glycosides (Shoseyov et al. 1990; Guegen et al. 1996; Gunata & Vallier 1999; Daroit et al. 2007 ).
The genus Bacillus represents one of the most important groups of bacteria not only for the production of commercially valuable enzymes, such as proteolytic, amylolytic and cellulolytic enzymes, but also for the study of the secretion mechanism of extracellular enzymes (Khan & Husaini 2006) . Molecular cloning with plasmids has been well documented in some Bacillus species. Bacillus licheniformis is a Gram-positive, spore-forming soil bacterium that is used in the biotechnology industry to manufacture enzymes. B. licheniformis bears the GRAS (generally regarded as safe) status (Lam et al. 1998) . The availability of the genome sequence from Bacillus licheniformis ATCC 14580 facilitates direct genetic manipulations and thus maximum exploitation (Waldeck et al. 2007) . Escherichia coli is one of the most widely used host for the production of recombinant proteins as it is the best characterized host with many available expression systems (Choi & Lee 2004) .
In this study β-glucosidase gene, bglH (1.4 Kb), was cloned from B. licheniformis ATCC 14580 and expressed in E. coli BL21 (DE3).
Material and methods
Bacterial strains, plasmids and culture conditions B. licheniformis ATCC 14580 was obtained from the USDA ARS Culture Collection maintained at the USDA National Center for Agricultural Utilization Research, Peoria. The strain was maintained on TGY (0.5% tryptone, 0.5% yeast extract, 0.1% glucose, 0.1% K2HPO4, agar 2%; pH 7.0) Isolation of genomic DNA Genomic DNA from B. licheniformis ATCC 14580 was isolated according to protocol of Kronstad et al. (1983) .
PCR amplification
Forward and reverse primers were designed based on the β-glucosidase gene sequence of B. licheniformis in the NCBI database (Genbank accession No. AAU25648) -forward: 5'-GCCATATGACTGAACAAACGAAAA-3' and reverse: 5'-TCACAAACTCTCGCCATTC-3'. The βglucosidase (bglH) gene was amplified by PCR using these two primers. A unique NdeIrestriction site (indicated in bold) was introduced at the 5'-end of forward primer and GC clamp was introduced at 5'-end to protect the NdeI restriction site.
PCR amplification was carried out with 1 µL genomic DNA as a template, 5 µL of 2.5 mM dNTPs, l µL of 10 µM of each primer, 5 µL of 25 mM magnesium chloride, 5 µL of IX PCR buffer (75 mM Tris-HCl, pH 8.8 at 25 • C, 20 mM (NH4)2SO4 and 0.01% Tween 20) and l µL of 2.5 units of Taq DNA polymerase in a 50 µL reaction mixture. The reaction mixture was incubated at 94 • C for 5 min and then subjected to 35 cycles of 94 • C for 30 s, 54 • C for 30 s and 72 • C for 1 min; followed by one final cycle of 72 • C for 20 min. PCR products were analyzed by 0.8% agarose gel electrophoresis and purified by Spin Prep Gelmelt Kit (Novagen).
Cloning of β-glucosidase gene in pTZ57R/T The purified B. licheniformis β-glucosidase gene was quantified and ligated into pTZ57R/T using InsTAclone PCR Cloning Kit (Fermentas). Competent cells ofE. coli DH5α were prepared according to Cohen et al. (1972) . E. coli DH5α competent cells were transformed with the ligated product (pTZ57R/T-bglH) according to Sambrook et al. (1989) . Transformed cells were selected on LB agar plates containing isopropyl-β-D-thiogalactopyranoside (IPTG), (130 ng/mL); X-Gal, (270 µg/mL) and ampicillin, (100 µg/mL) by blue/white screening technique. Cloning of β-glucosidase gene in pTZ57R/T was confirmed by colony PCR and double restriction of the recombinant plasmid with Hind III and NdeI. Recombinant plasmid (pTZ57R/T-bglH) was isolated by alkaline lysis method by Birnboim & Doly (1979) .
Cloning of β-glucosidase gene in pET-22b(+)
After confirming the sequence, the recombinant plasmid (pTZ57R/T-bglH) was double digested with NdeI and Hind III. pET-22b(+) was also digested using NdeI and Hind III. The restricted fragment as well as the double digested pET-22b(+) vector was confirmed by electrophoresis on 0.8% agarose gel. Purified gene was ligated with the purified pET-22b(+) using T4 DNA ligase. The ligated product (pET-22b(+)-bglH) was then transformed into E. coli BL 21 (DE3) competent cells prepared according to Cohen et al. (1972) . Positive clones were selected by colony PCR and double restriction of the recombinant plasmid with Hind III and NdeI.
Expression of B. licheniformis β-glucosidasegene in E. coli BL 21
One mL of the overnight culture of E. coli BL 21 (DE3) harboring the recombinant expression plasmid, grown in LB broth containing 100 µg/mL ampicillin, was transferred to 100 mL of the same medium and incubated at 37 • C in a shaking incubator until an optical density (OD) at 600 nm reached 0.5. Culture was induced with 0.2 mM IPTG and incubated for another 4 h at 37 • C. After 4 h cells were harvested by centrifugation at 6,000×g for 10 min. The supernatant was used as extracellular enzyme sample. Pellets were re-suspended in 50 mM Tris-HCl (pH 7.5) and cells were disrupted by sonication. Disrupted cells were harvested by centrifugation at 12,000×g for 10 min and the supernatant was used as intracellular enzyme sample. In order to get maximum expression of the recombinant βglucosidase, induction at different OD values and with different concentrations of IPTG was conducted. Expression of β-glucosidase protein was confirmed with the help of sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) according to the method of Laemmli (1970) .
Enzyme purification
Crude recombinant β-glucosidase was purified to homogeneity by using ammonium sulfate precipitation and fast protein liquid chromatography by using RESOURSE-S (Amersham Biosciences, USA). Solid ammonium sulfate was slowly added to crude enzyme to 80% saturation at 0 • C to precipitate the recombinant β-glucosidase with stirring at an interval of 5 min. The pellets were collected by centrifugation at 12,000×g for 20 min (4 • C) to recover precipitated proteins. The pellets were dissolved in 3.0 mL of phosphate buffer (pH 7.2) and dialyzed against 0.05 M sodium phosphate buffer (pH 7.5) by constant stirring for 24 h and periodic change of buffer. Dialysis membrane with a molecular weight cut-off of 12,000-14,000 was used. The dialyzed sample, filtered through 0.4 µm Millipore filter, was loaded on an anion exchange column RESOURCE-S (6.0 mL, 16 mm × 30 mm; Amersham Biosciences) equilibrated with 50 mM sodium phosphate buffer (pH 7.5) with a flow rate of 1.0 mL/min. The protein was eluted with a linear gradient of NaCl (0 to 1 M) in the buffer. The elution profile was examined at 280 nm. The fractions were collected and assayed for enzyme activity.
Electrophoretic analyses DNA samples were analyzed by 0.8% agarose gel electrophoresis followed by staining with ethidium bromide and visualizing under the UV light. Protein samples were analyzed by 12% PAGE in the presence of 0.1% SDS followed by staining with Coomassie brilliant blue.
β-Glucosidase activity assay β-Glucosidase activity was estimated according to Rajoka & Malik (1997) . Two-hundred µL of sodium acetate buffer (pH 6.0), 0.2 mL of 5 mM p-nitrophenyl-β-D-glucopyranoside (pNPG) and 0.2 mL of enzyme extract was added to a test tube. The reaction mixture was incubated at 50 • C for 10 min in a water bath. After incubation, 3.0 mL of 1.0 M Na2CO3 was added to stop the reaction. Blank was run in parallel as above but the enzyme was added after the addition of Na2CO3 solution. The absorbance of the mixture in each test tube was measured spectrophotometrically at 400 nm. The amount of p-nitrophenol released was quantified using the p-nitrophenol standard curve. One unit of β-glucosidase activity is defined as the amount of enzyme required to release 1.0 µmol ofp-nitrophenol per min per mL under the assay conditions.
Protein estimation
Protein was estimated according to the method of Bradford (1976) . Five mL of Bradford reagent was added to a test tube containing 0.2 mL of enzyme extract and the sample was vortexed. The test tube was allowed to stand for 5 min. The absorbance was measured at 595 nm spectrophotometrically. A blank was run in parallel by replacing enzyme extract with 0.2 mL of distilled water. Total protein was measured from the standard curve of bovine serum albumin.
Enzyme characterization
The purified recombinant enzyme was characterized as a function of temperature, pH and incubation time. The optimal temperature for enzyme activity was determined over a temperature range of 20-60 • C using the standard assay conditions. To determine the optimum pH for the recombinant enzyme, β-glucosidase activity was measured over a pH range of 4.0-8.0 in increments of 0.5 pH unit using the standard assay conditions. Effect of incubation time on enzyme activity was studied by incubating the enzyme for different time intervals (5-30 min).
Kinetic and thermodynamic studies
The kinetic constants, Km (Michaelis constant) and Vmax (maximum velocity), were evaluated by determining the βglucosidase activity at 50 • C against different pNPG concentrations ranging from 0.1-5 mM and the enzyme concentration was kept constant. Km and Vmax were calculated from Lineweaver-Burk double reciprocal plot (Lineweaver & Burk 1934) using equation (1):
Thermodynamic constants (Ea, ∆S and ∆H) were calculated from Arrhenius plot using equations (2-4) as described by Siddiqui et al. (1997a) :
where T , KB, h, R, Ea, ∆H and ∆S are absolute temperature (K), Boltzmann constant (1.38 × 10 −23 J/K), Planck's constant (6.626 × 10 −34 Js), gas constant (8.314 JK −1 mol −1 ), activation energy, enthalpy of activation, and entropy of activation, respectively, slope = ∆H/R and intercept = ln(KB/h) + ∆S/R pKa1 and pKa2 values of ionizable groups of active site residues were calculated using Dixon plot (Dixon & Webb 1979) .
Saccharification study
The purified recombinant β-glucosidase was supplemented in equal fraction with two other cellulolytic enzymes, i.e., endoglucanase and exoglucanase (produced in our lab with other bacterial source) during the saccharification of wheat straw at optimized condition. Sugar released was measured by standard dinitrosalicylic acid reagent.
Sequence comparison
Sequence database similarity searches were performed using BLASTP (Altschul et al. 1990 ). Sequence alignments were done using Clustal-W ( Thompson et al. 1994 ) and visualized by Jalview (Waterhouse et al. 2009 ).
Statistical analysis
Treatment effects were compared after Snedecor & Cochrane (1980) using computer software Costat (cs6204W.exe). Significant difference among replicates has been presented as Duncan's multiple range tests in the form of probability (p) values.
Results and discussion
Cloning of β-glucosidase gene in pET-22b(+) DNA was isolated from B. licheniformis ATCC 14580 grown in TGY medium for 16 h (37 • C, shaking at 200 rpm). The 1.4 kb β-glucosidase (bglH) gene was amplified from the genome of B. licheniformis ATCC 14580 by PCR using sequence specific primers described above (Fig. 1) .
Purified PCR product was ligated to pTZ57R/T and transformed into E. coli DH5α. Blue and white screening method was used to identify the positive clones. The presence of bglH gene in the recombinant plasmid was further confirmed by colony PCR and double restriction of the recombinant plasmid with Hind III and NdeI. Complete nucleotide sequence of the insert was determined and the results of DNA sequencing confirmed that the cloned fragment encodes the βglucosidase from B. licheniformis. After confirmation of the DNA sequence, the positive clone containing recombinant plasmid (pTZ57R/T-bglH) was used for DNA plasmid extraction. The recombinant plasmid as well as pET-22b(+), double digested with NdeI and Hind III, were confirmed by electrophoresis on 0.8% agarose gel and purified. PurifiedbglH gene was ligated with the purified pET-22b(+) using T4 DNA ligase. The ligated product (pET-22b(+)-bglH) was then transformed into E. coli BL 21 (DE3) competent cells. Presence of bglH in transformants was confirmed by colony PCR and double digestion of recombinant plasmid Hind III and NdeI.
Expression of recombinant β-glucosidase
The β-glucosidase activity was analyzed in both extracellular and intracellular enzyme samples. No extracellular β-glucosidase activity was observed, while βglucosidase activity was observed in intracellular samples. Expression of β-glucosidase was confirmed using SDS-PAGE analysis (Fig. 2) . The β-glucosidase activity was optimized by giving inductions with different concentrations of IPTG (0.05-0.5 mM). Maximum βglucosidase activity (0.39 U/mg) was obtained after induction with 0.2 mM IPTG (Fig. 3) . Maximum βglucosidase activity (0.03 U/mg) was observed in parent culture of B. licheniformis (Natural host). There is about 10-fold increase in β-glucosidase activity from natural host to recombinant E. coli BL 21 (DE3) harboring β-glucosidase gene.
Production of β-glucosidase was also studied at different cell density in term of OD at 600 nm ranging from (0.2-1.0). Maximum β-glucosidase was achieved when culture was induced at 0.5. Increase or decrease of OD from 0.5 also reduced the enzyme activity (Fig. 4) .
Purification and sequence similarity search of recombinant β-glucosidase
The recombinant enzyme was purified to homogeneity level using three purification steps with a purification fold of 3.15. The β-glucosidase gene encodes 469 amino acids and molecular weight was found to be 53 kDa using SDS-PAGE analysis (Fig. 2) . In a similar study, Choi et al. (2009) reported molecular weight of β-glucosidase from B. licheniformis to be 53.4 kDa.
Sequence similarity searches for amino acid sequence in β-glucosidase of B. licheniformis were conducted using BLASTP tool. Results demonstrated that β-glucosidase of B. licheniformis exhibits high similarity with β-glucosidases of glycoside hydrolase (GH) family 1 of carbohydrate-active enzyme classification (Cantarel et al. 2009 ; http://www.cazy.org/). The B. licheniformis β-glucosidase showed 85%, 69%, 66%, 64%, and 66% identity ( Fig. 5) with β-glucosidases from Bacillus amyloliquefaciens FZB42 (Genbank accession No. ABS75964), Bacillus halodurans C-125 (BAB04315), Bacillus clausii KSM-K16 (BAD66323), Staphylococcus sciuri subsp. carnaticus ATCC 700058 (BAJ15125) and Listeria monocytogenes serotype 4b strain F2365 (AAT03123), respectively. Choi et al. (2009) also demonstrated the amino acid sequence similarity of β-glucosidases from different Bacillus species and Tajima et al. (2001) performed the multiple sequence alignment of β-glucosidases from Gram negative bacteria.
Based on the amino acid sequence similarity, the β-glucosidase of B. licheniformis was assigned to family GH1 (Henrissat & Bairoch 1993) . The GH1 βglucosidases belong to the c;lan GH-A, the members of which possess a typical (β/α) 8 -barrel catalytic domain structure and contain two conserved glutamic acid residues on β-strands 4 and 7 of the β-barrel serving as the catalytic acid-base and nucleophile, respectively (Henrissat et al. 1995; Jenkins et al. 1995) .
Characterization of recombinant β-glucosidase
The activity of the purified recombinant β-glucosidase was examined over a pH range from 4.0 to 8.0 at 50 • C using sodium acetate buffer. Maximum β-glucosidase activity was achieved at pH 6.0. Further increase or decrease in pH resulted in decrease in activity. However, the enzyme was completely inactive at pH 4.0. Most β-glucosidases from bacterial and fungal sources show a pH optimum in slightly acidic or neutral pH ranges. Choi et al. (2009) obtained maximum B. licheniformis β-glucosidase activity at pH 6 with citrate phosphate buffer. The activities of β-glucosidases from Penicillium purpurogenum, Clostridium strain RT 9 and Cellulomonas biazotea NIAB 442 were maximal at pH 4.5, 5.5 and 6.6, respectively (Tabassum et al. 1992; Siddiqui et al. 1997a; Dhake & Patil 2005) .
The change in pH effects the ionization of essential active-site amino acid residues, which are involved in substrate binding and catalysis (Niaz et al. 2004 ). Dixon analysis was carried out to evaluate pK a of ionizable groups of active-site amino acid residues for substrate hydrolysis at 50 • C, which were involved in V max . A bell-shaped curve was obtained indicating that two residues are involved in catalysis; and pK a1 and pK a2 of recombinant β-glucosidase were found to 5.5 and 7.0, respectively (Fig. 6) . Siddiqui et al. (1997b) reported pK a1 and pK a2 values of 5.5 and 7.9, respectively, for βglucosidase of Cellulomonas biazotea. In contrast, majority of β-glucosidases have pK a1 between 3.3 and 4.4, whereas the pK a2 between 6.1 and 6.9 (Clarke et al. 1993) .
The effect of different temperature (20-60 • C) on the activity of β-glucosidase was investigated. The enzyme was completely inactive below 30 • C. Maximum β-glucosidase activity was obtained at 50 • C. This is in agreement with the findings of Riou et al. (1998) and Dhake & Patil (2005) , while Choi et al. (2009) obtained maximum β-glucosidase activity at 47 • C. Fur- ther increase in temperature resulted in the decrease in activity and coagulation of enzyme occurring at 60 • C. However, Wright et al. (1992) and Christakopoulos et al. (1995) obtainted maximum β-glucosidase activity at 60 • C and 65 • C, respectively.
Activation energy (E a ), change in enthalpy (∆H) and change in entropy (∆S) were calculated using Arrhenius plot and were found to be 66.31 kJ/mol, 64.04 kJ/mol and 48.28 J/mol/K, respectively (Figs 7,8) . The stabilization of enzymes is mostly accompanied by a decrease in ∆H and ∆S (Rajoka et al. 2006 ). Rajoka et al. (2004) reported E a , ∆H and ∆S to be 88 kJ/mol, 108 kJ/mol and 86 J/mol/K, respectively, for Cellulomonas biazotea β-glucosidase. The kinetics of pNPG hydrolysis by the recombinant β-glucosidase was determined at 50 • C and the data was analyzed using the Lineweaver-Burk double reciprocal plot (Fig. 9 ). Recombinant β-glucosidase exhibited Michaelis-Menten type kinetics with K m 0.206 mM and V max 1.26 U/mg. Low K m value documents high affinity of the enzyme for the substrate (Hamilton et al. 1998; Binate et al. 2008) . Siddiqui et al. (1997a) calculated K m and V max values of 4.25 mM and 1.526 U/mg, respectively, for pNPG with an intracellular βglucosidase from Cellulomonas biazotea NIAB 442. K m value of 2.35 mM was calculated for pNPG hydrolysis for recombinant β-glucosidase from Bacillus subtilis Natto (Kuo & Lee 2008) . The K m and V max values for pNPG for Penicillium purpurogenum β-glucosidase were calculated to be 5.1 mM and 934 U/mg, respectively (Jeya et al. 2010 ).
Effect of different incubation time (5-30 min) on the activity of recombinant β-glucosidase was also studied. The enzyme activity increases with the increase in incubation time and 10 min of incubation gave maximum activity. Further increase in incubation time resulted in the reduced activity of β-glucosidase (Fig. 10) . The saccharification activity was determined in consortium with two cellulolytic enzymes (an endoglucanase and an exoglucanase) together with the β-glucosidase. Supplementation with β-glucosidase resulted in significant improvement (123%) in wheat straw hydrolysis, as determined by dinitrosalicylic acid method. Choi et al. (2009) also added β-glucosidase to the enzyme cocktail and the yield of glucose increased by 139.8%.
It can be concluded that the β-glucosidase has demonstrated its importance for effective and complete cellulose hydrolysis by hydrolyzing cellobiose into glucose. This is the first report to date describing kinetic and thermodynamic studies of β-glucosidase from B. licheniformis.
